We report on the critical current density Jc and the vortex dynamics of pristine and 3 MeV proton irradiated (cumulative dose equal to 2×10 16 cm −2 ) β-FeSe single crystals.
Introduction
The study of the vortex matter in iron-based superconductors (FeBS) is a tool for achieving a better understanding of the interplay between intrinsic superconducting properties, the critical current density (J c ) and the vortex depinning mechanisms [1] . Vortex dynamics in FeBS presents features that can be understood by considering the collective creep theory [2, 3] .
This theory was originally developed to understand the vortex pinning in superconducting cuprates. These materials present a short coherence length, ξ, and a large anisotropy, γ = H what is observed in conventional low temperature superconductors [3] .
Among FeBS, β-FeSe presents the simplest crystalline structure since it has no additional structure between the superconducting planes. The electronic properties display signatures of multiband effects [4, 5] . The superconducting properties are affected by chemical doping [6] and mechanical pressure [7, 8] . In addition, a slight increment of the superconducting transition temperature T c in electron irradiated samples was reported [9] . An important characteristic of β-FeSe is the tetragonal to orthorhombic structural transformation at T s ∼ 90 K [10] . This structural transition produces twin boundary (TBs) planes, which are aligned at ∼ 45
• of the a and b directions [11, 12] . The presence of TBs in β-FeSe may provide a non negligible contribution to the vortex pinning [12, 13] . However, its contribution to the flux creep mechanism has not been previously discussed. According to reference [14] , the vortex dynamics in β-FeSe single crystals is governed by a combination of random disorder assisted by a small density of nanometric defects.
The strength of the pinning potential depends on the intrinsic superconducting parameters and on the type of pinning centers [3] . β-FeSe single crystals present T c = 8.4(1) K, penetration depth λ ab (0) ∼ 445 nm [15] , coherence length ξ ab (0) ∼ 4.4 nm and a temperature dependent anisotropy, which satisfies γ(T → T c ) ∼ 3 and γ(T → 0) ∼ 1 [16] . The intrinsic thermal fluctuations can be parameterized by the Ginzburg number, and the theoretical depairing critical current density and cuprates (∼ 10 −2 ).
In this work we report on the superconducting properties, the critical current density and the vortex dynamics of pristine and of 3MeV proton irradiated β-FeSe single crystals based on magnetic and electrical transport measurements. T c is unaffected by irradiation but is affected by the sample mounting method. Free-standing single crystals present T c = 8.4(1) K, which is increased to 10.5(1) K when the sample is fixed to the sample holder with GE-7031
(polyvinyl phenolic non-magnetic varnish). This exponents µ are obtained by using Maley analysis [18] .
The results show that at intermediate temperatures the vortex relaxation in pristine samples presents a glassy exponent µ of ∼ 1.7, which is reduced to 1.35 -1.4 after proton irradiation.
Methods
The β-FeSe single crystals were grown inside a sealed quartz ampule using • C/cm with the hotter end of the ampule at 395
• C for 45 days [5] . The phase purity of each crystal was verified by X-ray diffraction (XRD) using a PANalytical Empyrean equipment with Ni filtered Cu K α radiation.
Measurements of the magnetization, M , were performed using a superconducting quantum interference device (SQUID) magnetometer with the magnetic field parallel to the c axis (H c). * , where H * is the field for the full-flux penetration [19] . The data shown in this paper were obtained with a scan length of 3 cm.
For magnetic measurements, two different sample mounting procedures were used: (i) the crystal was held free-standing on a Delrin disk (sample holder) and covered with Teflon tape to avoid movement we estimate that, at low temperatures, a positive strain (≈0.55 GPa) is applied on the embedded sample [17] .
In addition, it is expected that the inhomogeneous stress produced by the GE-7031 varnish affect the density of TBs that appear during the structural transition at T s [12] . It is important to note that other sample mounting methods, such as holding the crystal with vacuum grease, also have an effect on the measurements. The changes in the superconducting critical temperature with different sample mounting methods are summarized in Table 1 . We find that for the GE-7031 varnish the effect is larger, and therefore, we analyze in detail this case. Furthermore, in the free-standing vacuum grease GE-7031 varnish
8.4(1) 9.9(5) 10.5 (1) literature there are some reports on the effects of sample mounting induced strain [8, 20] . Consequently, in the case of β-FeSe and FeSe 1-x Te x a word of caution is in order on the choice of sample mounting method due to the consequences on the physical properties measured.
To measure the electrical resistance, R, a conventional four wire method was used. The samples were placed on a sapphire sample holder, and again,
we considered both the case in which the sample is free-standing or is embedded in a GE-7031 dried drop.
In the first case, the thermal contact to the sapphire holder is provided by the gold wires attached with silver paint.
In a first stage, the measurements were done in a suggests that the vortex pinning mechanism is changed after irradiation. This fact could be associated with the presence of a high density of random point defects and some small nanoclusters with a size larger than ξ (strong pinning centers) [27] .
To make a proper analysis of the effects of the Table 2 .
In the following, we analyze both the critical current density and the flux creep rate as function of H/H c2 .
In Fig. 5 we compare J c (H/H c2 ) for the sample before and after irradiation using the same data shown in Fig. 4 . In panels a) 1.8 K, b) 4.5 K and c) 7 K for the free standing sample, while in panels d), e) and f) the same comparison is made for the embedded sample case. In general, the proton irradiation produces an increase in the J c (H, T ), as expected. An exception 
where i= e or f at 1.8 K. Fig. 6 shows the results obtained for both mounting configurations, which are quantitatively different. To understand the differences, it is useful to consider the pinning landscape for each sample. The inclusion of additional random disorder and nanoclusters by irradiation should affect significantly the pinning above the matching field produced by TBs [3] . This is consistent with the fact that when lowering H/H c2 , ∆J c saturates for the [f-SC]
while it presents an additional increase at low fields for the [e-SC] (which presumably has a lower density of TBs). and the crossover to fast creep. The upturn at low fields is usually attributed to self-field effects [22] . However, and as we discuss in section 3.4, Figure 6 . Difference in the critical current densities (Jc) at 1.8 K before and after proton irradiation for the sample freestanding (full symbols) and embedded in GE-7031 varnish (open symbols). to remain unchanged after proton irradiation in other FeBS [22] , which indicates that it can be associated with an intrinsic increment of the thermal fluctuations of the system [28] . In addition, it appears to remain unchanged also for the embedded sample but the reduced field necessary for its occurrence is shifted to higher H/H c2 and is sharper than the one observed in the free-standing samples. 
where µ > 0 is the glassy exponent, U 0 and t 0 are characteristic energy and time scales, respectively. The activation energy as a function of the current density, J, in a glassy vortex phase is given by
The glassy exponent µ depends on the dimension and length scales for the vortex lattice. According to the collective-pinning model, in the presence of random point defects and in the three-dimensional case, it results µ = 1/7 for SVR, 3/2 or 5/2 for small bundle (sb) and 7/9 for large-bundle (lb). Experimentally, the glassy exponents can be determined by the extended Maley's method [18] . The time decay of J is given by
The effective activation energy U ef f (J) can be obtained from experimental data considering the approximation in which the current density decays as
The final equation for the pinning energy is
where C = ln(J c /T ) is a nominally constant factor.
For an overall analysis it is necessary to consider the function G(T ), which results in [29] U ef f (J,
We performed S(T ) measurements at µ 0 H = 0. 
Considering J c (T = 1.8 K) ∼ 0.066 MA· cm −2 and J 0 ∼ 11.3 MA· cm −2 , we obtained U In addition, the collective model also predicts the crossover from sb to lb when B lb (0) ∼ β lb H c2 (J SV /J 0 )([ln(κ 2 J SV /J 0 )] (2/3) , with β lb = 2 [25] .
Using κ = λ ab (0)/ξ ab (0) ∼ 100, we obtained B lb (0) ∼ 1.2 T, which agrees well with the second dotted line in Fig. 10 placed at ∼1.1 T. Finally, the lb regime disappears at high fields due to an increment in the vortex fluctuations and a crossover from elastic to plastic creep takes place [2] .
Conclusion
In summary, we studied the vortex dynamics for β-FeSe 
